Several recent studies have documented the existence of an Ambler class A carbapenemase (1, 7, 11) encoded on plasmids of Klebsiella pneumoniae called the K. pneumoniae carbapenemase (KPC). Currently there are eight KPC-type enzymes, although the sequences of KPC-1 and KPC-2 have been shown to be identical (http://www.lahey.org/Studies). Since first described in a K. pneumoniae isolate from the United States in 2001 (35) , K. pneumoniae strains carrying the KPC gene have increased in frequency (3-6, 13, 21, 34, 37) , global distribution (7-9, 16, 20, 30, 31) , and host range with regard to the number of different species of gram-negative bacilli (GNB) that also carry them (8, 11, 15, 18, 21, 23, 33, 36, 37) . In 2007, the first KPC variant was isolated from a Pseudomonas aeruginosa strain from Colombia, South America (29) . KPC-positive strains have the potential to cause serious infections, as illustrated in one study (4) where a 47% mortality rate (9/19 patients) in intensive-care unit (ICU) patients was observed within 14 days of the patient having a positive blood culture with the microorganism. An important issue that complicates accurate detection of carbapenem resistance in such strains involves the problem with some rapid susceptibility testing procedures that employ small amounts of bacterial inocula, generating an MIC in the susceptible range (2, 22, 28) . This can lead to false susceptibility results with respect to carbapenems and likely causes underreporting of KPC-containing microorganisms. To date, an approved susceptibility testing procedure has not been identified for these organisms (14) .
Due to the rapid global dissemination of KPC-positive GNB, as well as the technical complexity observed with susceptibility testing methods for detecting strains carrying KPC carbapenemases (2, 28, 32) , it is of great interest to determine the genetic mechanism responsible for the dissemination of the KPC gene. It is also important to characterize the clonality of healthcare-associated strains and the genetic environment surrounding KPC genes found in multiple isolates of GNB carrying this gene within local regions where these bacteria are endemic.
Initial studies of K. pneumoniae carrying KPC found that the bla KPC gene was carried by plasmids of various sizes (11, 20, 21) . Early insight that this gene may be transposable between different genetic elements was suggested from the observation that portions of putative transposase and transposase helper genes were linked to the KPC structural gene (18, 20, 21) . Recently, the genetic environment surrounding the bla KPC-2 gene on plasmids from three strains of K. pneumoniae and one of P. aeruginosa from diverse geographic sources was extensively characterized, identifying it as part of a 10-kb Tn3-based transposon designated Tn4401 (19) . In addition to carrying bla KPC , this genetic element contained 39-bp imperfect inverted-repeat sequences, a transposase gene, a resolvase gene, and two novel insertion sequences, designated ISKpn6 and ISKpn7. Tn4401 was present in two isoforms which differed by a 100-bp deletion upstream of the KPC-2 structural gene. Tn4401a (containing the deletion) was identified in K. pneumoniae YC and K. pneumoniae GR isolated from the United States and Greece, respectively (19) , while isoform Tn4401b (lacking the deletion) was identified from a K. pneumoniae strain and a P. aeruginosa strain isolated from Colombia (19) . All of the Tn4401 elements were flanked by a 5-bp target site of duplication, suggestive of a recent transposition event. These authors proposed a series of genetic events that may have led to the genesis of Tn4401, accounting for the dissemination of the KPC gene on different plasmids in different species of bacteria around the globe.
The current study extends these observations and describes identical 10-kb elements carrying the bla KPC-2 or bla KPC-3 genes on several different plasmids recovered from 15 carbapenem-resistant Klebsiella strains isolated from patients at a New York City hospital in 2005. Both isoforms of Tn4401 were detected in these strains, and the element was inserted in duplicate as part of a group II intron on the same plasmid in one strain. Considerations for detection and identification of KPC genes in clinical isolates of bacteria are also discussed.
(Portions of this study were presented at the 18th European Congress of Clinical Microbiology and Infectious Diseases, Barcelona, Spain, 19 to 22 April 2008 [17] .)
MATERIALS AND METHODS
Bacterial strains. A collection of 14 clinical isolates of K. pneumoniae and 1 Klebsiella oxytoca isolate was obtained from the New York-Presbyterian Hospital, Columbia University Medical Center, over the period of January to October 2005 (10) . Information describing the isolation date, specimen source, hospital ward, and the antibiotic therapy received by each patient was also obtained. Electrocompetent Escherichia coli DH10B that does not express carbapenemase was used as the recipient in electroporation experiments. Several strains of GNB carrying genetically characterized ␤-lactamases were used as positive controls in PCR experiments as described previously (12) .
Antimicrobial agents and MIC determinations. Initial MICs were determined at the hospital clinical microbiology laboratory using the Vitek 2 system (bioMérieux, Durham, NC) and at the Pfizer laboratories using the BD Phoenix microbiology system (Becton Dickinson, Sparks, MD) and broth microdilution tests, which were performed according to standards set by CLSI using cationsupplemented Mueller-Hinton broth (6) . Samples of amikacin, gentamicin, and polymyxin B were obtained from Sigma (St. Louis, MO), while cefepime, ceftazidime, aztreonam, ciprofloxacin, imipenem, and meropenem were obtained from U.S. Pharmacopeia (Rockville, MD). Tigecycline was synthesized by Pfizer (Groton, CT).
Isolation of large plasmids. Plasmid DNA was isolated from the clinical strains using a Hi-Speed Qiagen kit (Valencia, CA) according to the manufacturer's instructions. Plasmids were separated on 0.5% agarose gels prepared with 0.04 M Tris-acetate-EDTA (pH 8.4) by electrophoresis at 90 V for 18 h at 4°C. Plasmids were treated with Epicentre plasmid-safe DNase (Epicentre, Madison, WI) in order to enrich plasmid DNA from contaminating genomic material. The supercoiled plasmid size markers (ranging from 165 kb to 8 kb) used in agarose gel electrophoresis experiments included the BAC-Tracker supercoiled DNA ladder (Epicentre, Madison, WI).
PFGE. Genomic DNA for pulsed-field gel electrophoresis (PFGE) was prepared as described previously by Saito et al. (25) and separated by the CHEF-DR IIII system (Bio-Rad, Hercules, CA). Genomic DNA fingerprints were generated from an XbaI digestion of DNA, followed by electrophoresis in agarose employing a pulse time of 2.2 to 63.8 s and a current of 6 V for 24 h in 0.5ϫ Tris-borate-EDTA buffer (pH 8.4) at 14°C. The genetic relatedness among the clinical isolates was determined from the number of band differences observed in the resulting PFGE pattern (27) . PFGE patterns that clustered at Ͼ85% similarity using the unweighted pair-group method using average linkages and Dice coefficients (BioNumerics v5.1; Applied Maths, Kortrijk, Belgium) were considered to be within the same pulsed-field type.
PCR and DNA sequencing of KPC genes. Identification of bla KPC genes was determined by PCR using isolated plasmid DNA with the following primers: KPCF (5Ј-TGTCACTGTATCGCCGTCTAG-3Ј) and KPCR (5Ј-TTACTGCC CGTTGACGCCCAATCC-3Ј). PCR conditions were as follows: 3 min at 94°C and 30 cycles of 1 min at 94°C, 1 min at 52°C, and 1 min at 72°C, followed by an elongation step for 10 min at 72°C which produced a band of 880 bp encompassing the entire KPC coding region. The primers used to amplify TEM and SHV ␤-lactamases were as follows: blaTEM-1-F (ATGAGTATTCAACATTTC CG), TEM-1-R (CTTAATCAGTGAGGCACC), SHV-OS-5-F (TTATCTCCC TGTTAGCCACC), and SHV-OS-6-R (GATTTGCTGATTTCGCTCGG). PCR analysis was performed with HiFi Platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA). Cycle sequencing was performed according to the Applied Biosystems BigDye Terminator TaqFS v3.0 cycle sequencing protocol.
Southern blot hybridization analysis. Plasmid DNA digested with XhoI was hybridized to the 880-bp amplicon bla KPC DNA probe using a labeled digoxigenin nucleic acid detection system (Roche Diagnostics, Indianapolis, IN) by using standard methods (26) .
Transformation experiments. Multiple attempts to electroporate KPC-containing plasmids were performed with plasmid DNA extracted from all 15 clinical isolates. Transformants were selected on LB agar plates containing 1 g/ml imipenem after incubation for 24 h at 35°C.
Plasmid DNA sequencing. Determination of the genetic environment surrounding the bla KPC gene was initially accomplished by sequencing 8 kb of adjacent DNA from each end of the KPC structural gene encoded on the 75.6-kb plasmid isolated from K. pneumoniae strain S12 (17) . Sequencing of three fulllength plasmids isolated from three clonally distinct isolates of K. pneumoniae (strains S9, S12, and S15) expressing the bla KPC-2 or bla KPC-3 gene was conducted by Agencourt Bioscience (Beverly, MA). Sequencing analyses were performed online using BLAST (http://www.ncbi.nlm.nih.gov/BLAST/), and the DNA sequence was submitted to the JCVI Annotation Service, where it was run through JCVI's prokaryotic annotation pipeline. The manual annotation tool Manatee was downloaded from Source Forge (http://manatee.sourceforge.net) and used to manually review the output from the pipeline. Determination of the genetic environment around the KPC gene for the remaining 12 strains was accomplished by using the following primers: CETnF1 (5Ј-CATGGCGTAGGTTGTT GTCGC) and CETnR1 (5Ј-GCGGCAGAAGCCAAAATCG). Promoter analysis for all 15 bla KPC genes was determined using the BProm software (http: //www.softberry.com).
RESULTS
Description of 14 K. pneumoniae isolates and 1 K. oxytoca clinical isolate. The 15 carbapenem-resistant Klebsiella strains were isolated from samples of sputum, wounds, urine, blood, abscess drainage, and tracheal aspirates from different patients from widely dispersed wards in a New York City hospital (cardiac ICU, medicine, surgery, neurology, oncology, and surgical and pediatric ICUs). There was little evidence available to suggest a point source of the KPC-positive infections. More recent information indicates that such strains are now endemic to this hospital (32) . Records indicated that 11 of the 15 isolates came from patients who had received a wide variety of antibiotics (piperacillin-tazobactam, aztreonam, ciprofloxacin, levofloxacin, imipenem, meropenem, or tobramycin) alone or in combination within 30 days prior to isolation of the KPCcontaining isolate. As illustrated in Table 1 , these isolates were resistant to multiple antimicrobial agents, including imipenem, meropenem, ceftazidime, cefepime, aztreonam, ciprofloxacin, and amikacin. Susceptibility to tigecycline was variable, with MICs ranging from 0.25 to 4 g/ml. The activity of polymyxin B was also variable, with MICs from 2 to 16 g/ml.
Plasmid analysis for bla KPC . Whole plasmids extracted from the clinical isolates followed by electrophoresis in agarose revealed a very heterogeneous range of plasmids among the (17) . Several isolates also contained smaller plasmids in the 14-to 20-kb range. The isolated plasmids were then digested with XhoI, followed by electrophoresis in agarose, and the resulting DNA fragments were transferred to nitrocellulose paper and probed with the 880-bp KPC gene. The resulting XhoI digest revealed the presence of an approximately 3.5-kb common DNA fragment which hybridized with the KPC probe, indicating that the genetic organization within the element is very similar among the different strains tested (17) . Amplification and sequencing of the complete KPC genes from all 15 strains indicated that 13/15 strains contained bla KPC-2 , while 2/15 contained bla KPC-3 ( Table 2) . Multiple attempts to transfer the KPC gene to E. coli DH10B by electroporation were successful with plasmids from three Klebsiella strains (S9, S12, and S15). Carbapenem resistance (16 g/ml) was transferred with acquisition of the KPC-carrying plasmid from S9 and S15, indicating that no other resistance determinant was necessary to elevate carbapenem MICs to 16 to 32 g/ml. The transformant containing the 76.6-kb plasmid from S12 had imipenem and meropenem MICs of 2 g/ml.
Sequencing of the open reading frames surrounding the bla KPC genes from all 15 strains revealed that the structural gene is part of a 10-kb element containing transposase genes related to Tn3. This element was designated Tn4401 by Naas et al. (19) and has been found entirely or in part in all of the bla KPC sequences so far deposited in GenBank. A comparison of the 10-kb Tn4401 element found in the 15 strains we studied with those deposited in EMBL/GenBank (accession numbers EU176011 to EU176014) indicated that this Tn3-related element existed as two distinct isoforms differing by a 100-bp deletion occurring at nucleotide 7666 according to sequence accession number EU176012 (19) . The Tn4401 regions in these strains had a high GϩC content (ϳ62%). The region contains genes for three transposases and two transposaseassociated proteins, bla KPC , and a 67% GϩC TnpR gene that is often part of integrative and conjugative elements. As shown in Table 2 , 10/15 of the elements carried this deletion and were classified as Tn4401a following the designation of Naas et al. (19) . The presence of this deletion adjacent to the upstream promoter region of bla KPC in Tn4401a resulted in a different Ϫ35 promoter sequence of TGGAGA than that of CTGATT present in isoform Tn4401b. Whether this difference affected expression of the carbapenemase genes in these two isoforms is unknown. The bla KPC-2 was found to be associated with both the Tn4401a and Tn4401b isoforms, while bla KPC-3 was restricted to the Tn4401b isoform. No meaningful differences in the magnitude of carbapenem MICs were observed between strains containing the two isoforms.
An important aspect describing the acquisition of KPC-containing Klebsiella strains at a given medical center involves a molecular comparison of the strains to determine whether there is an ongoing clonal outbreak or if multiple infections are due to the acquisition of unrelated isolates. KPC-positive clinical strains have been recurrently isolated from the hospital site over several years, and so a collection of the unique strains for further evaluation was organized based upon their antimicrobial susceptibility patterns. Genomic DNA samples prepared from 14 K. pneumoniae strains were subjected to restriction analysis with XbaI and compared directly by PFGE. As indicated by the dendrogram (Fig. 1) this set of strains consists of six major pulsotypes (A to F). The most common pattern observed has been designated pulsotype A, containing seven subtypes, A1 through A7. The remaining strains (S11, S7, S9, S4, and S12) are more heterogeneous and are designated on the dendrogram as pulsotypes B1, C1, D1, E1, and F1, respectively (27) . Detection of other ␤-lactamase genes. The presence of KPC suggested that the carbapenem resistance observed in all 15 isolates was mediated by this Ambler class A enzyme. PCR analysis of all strains using family primers and positive control strains for Ambler class B (IMP, SPM-1, and VIM) metallo-␤-lactamases, Ambler class D carbapenemases (OXA-23 to OXA-27 and OXA-33, OXA-40, OXA-48, OXA-49, OXA-51, and OXA-58), or other Ambler class A carbapenemases (IMI, NMC, and SME-1) failed to reveal the presence of other carbapenemase genes. Additional PCR and sequencing analyses revealed the presence of TEM-1 and/or SHV-11 and SHV-12 in all of the strains so evaluated (Table 2) .
Complete plasmid sequencing. The genetic environments of the bla KPC genes were examined in detail by obtaining the complete sequence of plasmids from K. pneumoniae strains S9, S12, and S15 shown by PFGE to be clonally distinct (Fig. 1) . The KPC-carrying plasmids isolated from E. coli DH10B following electroporation included a 75.6-kb plasmid from S12, a 24.3-kb plasmid from S15, and a 70.6-kb plasmid from S9. A BLAST comparison of these plasmids against sequenced plasmids from K. pneumoniae deposited in GenBank revealed various degrees of homology. The plasmid from S9 showed the highest degree of homology (51%) with a recently submitted Klebsiella plasmid from China (EU195449), particularly in genes associated with conjugal transfer. Similarly, the plasmid from S12 showed partial alignment with several plasmids, mainly in genes associated with conjugal transfer and aminoglycoside resistance. The 24.3-kb plasmid from S15 possessed 25% alignment with plasmid KPN4 (CP.000649) from K. pneumoniae MGH78578. Much of this alignment was in genes encoding aminoglycoside resistance.
The map of the 75.6-kb plasmid (accession number FJ223605) is provided in Fig. 2 . The 10-kb Tn4401b element is shown on this plasmid carrying bla KPC-3 surrounded by genes encoding full-length transposases and a recombinase. In addition, genes putatively encoding other antimicrobial resistance determinants were present, including a streptomycin phosphotransferase, a 3Ј-adenyltransferase, and the AAC(6Ј) acetyltransferase. Also, genes encoding an OXA-9 penicillinase and a dihydropteroate synthetase were identified. Resistance to gentamicin, amikacin, and tobramycin (MICs of 32, 32, and Ͼ64 g/ml, respectively) was transferred to E. coli DH10B that received this plasmid, indicating that the gene(s) encoding aminoglycoside resistance was functional. Genes associated with the Tra family of plasmid transfer were also identified on this plasmid, suggesting that it may be self-transmissible to other bacteria (Fig. 2) . Analysis of a 24-kb plasmid (accession number FJ223606) and a 120-kb plasmid from K. pneumoniae strain S15 indicated that both contained a complete 10-kb copy of Tn4401a carrying KPC-2 which was inserted within a MobB gene. In addition, the 24-kb plasmid carried an aminoglycoside acetyltransferase AAC(6Ј) and a MobC gene (Fig. 3) .
Examination of the genetic environment around the bla KPC-2 gene carried by a 70.6-kb plasmid (accession number FJ223607) from K. pneumoniae strain S9 revealed the presence of two Tn4401b elements inserted in an inverted orientation. Both elements were separated by a group II intron maturase, IS110, esterase, and alcohol dehydrogenase genes (Fig. 4) . Interestingly, a copy of the intron reverse transcriptase gene was found at the end of one of the elements, but both maturase and reverse transcriptase were not in the same reading frame. Examination of this region indicates that one or both copies of Tn4401b inserted into the group II intron, one copy at the 
DISCUSSION
While genetic information for the strains in this study was presented in early 2008 (17), a subsequent study detailing the genetic environment surrounding the KPC gene was published describing the common 10-kb element Tn4401 (19) . This important paper provided critical insight into the formation of a putatively transposable element found on plasmids in K. pneumoniae and P. aeruginosa that may well be responsible for the rapid global dissemination of this gene. In our study, the KPC gene was carried on a broad variety of different plasmids isolated from 15 Klebsiella spp., and most strains were resistant to carbapenems and many other ␤-lactams when tested by broth microdilution at the appropriate inoculum. These strains were also resistant to most other commonly used antimicrobial agents, and transfer of two of the plasmids to an E. coli DH10B recipient confirmed that aminoglycoside resistance was also encoded on those plasmids. The presence of multiple antimicrobial resistance determinants on these KPC-containing plasmids results in multiple points of selective pressure for plasmid maintenance in the original isolate as well as in the clinical environment. Since the KPC carbapenemases possess such a broad substrate spectrum, use of penicillins and cephalosporins also supplies selective pressure in the clinical environment. This situation favors an endemic relationship with these isolates over time and also likely helps to transfer plasmids from one isolate to another. As in a recently reported case (19) , one of the current strains (S15) contained the KPC gene on two different plasmids, reflecting the ability of the gene to mobilize to different species of DNA in a cell. It has proven difficult to identify a point source for dissemination of KPC-positive strains. To this point, the strains in this study were isolated from patients housed in several different hospital locations. Thus, this study represented an endemic situation at this institution as opposed to being a first isolation, and this was reflected in the heterogeneous nature of the strains examined. A major advance in understanding the mechanism of dissemination of bla KPC occurred when the gene was found to be part of an identical 10-kb element in K. pneumoniae and P. aeruginosa isolated from diverse global locales. Ten out of 15 of the Klebsiella strains studied herein contained the Tn4401a isoform containing a 100-bp deletion, while the remaining five strains contained the full-length Tn4401b. We determined that the presence of this deletion upstream of bla KPC causes a change in the Ϫ35 promoter sequence (TG GAGA to CTGATT) and so may have some as-yet-undetermined biological consequences. Naas et al. (19) identified the 100-bp deletion in this region from two clinical strains of K. pneumoniae, GR and YC, isolated from Greece and the United States, respectively, and they point out that another KPC sequence deposited in GenBank (DQ989640) contains a 200-bp deletion in this area. These authors propose that this region of the element is unstable, suggesting that other isoforms of Tn4401 likely exist. It is interesting that in the current study, both isoforms were identified from different Klebsiella strains isolated in the same hospital in New York City over a 10-month period. It is unusual that the KPC element, which was found as part of the 70.6-kb plasmid in strain S9, was inserted into a group II intron as a double copy. It is not known whether this duplicate copy of the element is related to its position in the intron. Group II introns are self-splicing elements that can encode complicated RNA secondary structures, and the presence of the KPC encoding element surrounded by both reverse transcriptase and maturase genes in different orientations is unusual (24) . It can only be hypothesized that the self-splicing properties of the group II intron on this plasmid contributed to the duplication of the Tn4401b element. It is unclear whether this duplication provides any advantage in terms of resistance to carbapenems. There was no evident gene duplication effect in terms of the magnitude of the carbapenem MICs in this strain or in strain S15 carrying bla KPC on two different plasmids.
PFGE analysis of genomic digests indicated that several of the isolates in our study were unrelated, suggesting that different clones containing different isoforms of Tn4401 have arrived in this hospital environment from varied sources or that some closely related clones have acquired the KPC element, perhaps from genetic transfer of DNA between isolates resident in the New York City hospital environment. These possibilities reflect the plasticity of the Klebsiella genome, particularly during its active evolution under the selective pressure of antibiotic use.
Our observations regarding the heterogeneity of Klebsiella carrying bla KPC in the New York City hospital environment reflect the dynamics during a situation in which multiantibiotic-resistant bacteria are endemic. As the KPC strains disseminate globally, initial outbreak isolates from a single institution will likely be composed of clonal isolates. Since definitive identification of KPC isolates must involve amplification of the KPC gene, care must be taken over time to molecularly characterize subsequent KPC isolates. This is important since efforts to contain the spread of an initial clonal isolate throughout a hospital may be very different from efforts aimed at managing an endemic situation involving multiple strains and species containing this gene. Between 2002 and 2006, the rate of carbapenem-resistant K. pneumoniae strains rose from 4 to 18% in the institution where the KPC-containing Klebsiella strain studied herein was isolated (32) . Given the important role carbapenems play in the treatment of multiantibioticresistant bacteria, such rates of endemicity are disconcerting as is the high-level resistance to fluoroquinolones present in many ␤-lactam-resistant E. coli and Klebsiella strains, which removes another important class of antimicrobials from effective use (4, 5, 8) . Our results, together with those of Naas et al. (19) , provide important information regarding the active evolution of plasmid-carried KPC carbapenemase genes as part of two isoforms of Tn4401. Unfortunately, this element is now found on plasmids from P. aeruginosa and other antibiotic-resistant Enterobacteriaceae. Clinicians and hospital laboratories must take an aggressive approach in conducting molecular epidemiological tests that can document and monitor the spread of this important resistance element throughout the global population of multidrug-resistant GNB.
